Older adults have reduced memory, primarily for recall, but also for recognition (Craik and McDowd, 1987) , particularly for unfamiliar faces (Bartlett et al., 1989) . Behavioral studies have shown that age-related memory declines are due in part to distraction from impaired inhibition of task-irrelevant input during encoding (Healey et al., 2008). Functional magnetic resonance imaging (fMRI) has been used to uncover the sources of memory deficits associated with aging. To date, this work has focused on successful encoding, while the neural correlates of unsuccessful encoding are unknown. Here, we provide novel evidence of a neural mechanism underlying memory failures exclusively affecting older adults. Whereas both younger and older adults showed reduced activation of brain regions important for encoding (e.g., hippocampus) during unsuccessful encoding, only older adults showed increased activity in brain regions mediating distraction (e.g., auditory cortex) and in left prefrontal cortex. Further, these regions were functionally connected with medial parietal areas, previously identified as default mode regions (Raichle and Snyder, 2007), which may reflect environmental monitoring. Our results suggest that increased distraction from task-irrelevant input (auditory in this case), associated with the unfamiliar and noisy fMRI environment, may increase environmental monitoring. This in turn could hinder suppression of default mode processing, resulting in memory failures in older adults. These findings provide novel evidence of a brain mechanism underlying the behavioral evidence that impaired inhibition of extraneous input during encoding leads to memory failure in older adults and may have implications for the ubiquitous use of fMRI for investigating neurocognitive aging.
Introduction
Event-related functional magnetic resonance imaging (fMRI) allows us to examine the processes involved in successful versus unsuccessful memory events. To date, research has focused on brain activity associated with successful memory in older adults (Daselaar et al., 2003; Morcom et al., 2003; Miller et al., 2008) , while neural correlates of unsuccessful encoding resulting in memory failures are unknown. However, it is just as important, if not more so, to understand activity specifically associated with age-related memory failures, an approach taken here.
One possible cause of memory failures is the insufficient engagement of brain regions important for encoding new information [e.g., medial temporal lobe (MTL) regions]. Increased activity in MTL regions during encoding of specific items has been associated with subsequent ability of both younger (Brewer et al., 1998) and older adults (Morcom et al., 2003) to recognize those items, and reduced hippocampal activity has been reported in older adults, relative to younger adults, during encoding (Grady et al., 1995) .
However, another possible cause of age-related encoding failures is distraction. Older adults are more vulnerable to distracting effects of task-irrelevant stimuli (Connelly et al., 1991; Lustig et al., 2006; Healey et al., 2008) . There is evidence of age-related performance declines on some tasks during fMRI scanning, compared with performance outside of the scanner (Gutchess and Park, 2006; Grady et al., 2008) , suggesting that the noisy fMRI environment has disproportionately detrimental effects on older adults' performance. In addition, default mode regions (DMRs), a network of brain regions consistently showing increased activity during rest relative to a wide range of active tasks (Raichle and Snyder, 2007) , are typically "deactivated" during most externally focused cognitive tasks in healthy younger adults, whereas older adults fail to suppress activity in DMRs (Lustig et al., 2003; Grady et al., 2006; Miller et al., 2008) . One theory suggests that DMRs are involved in "surveillance of the internal and external environments" (Gusnard et al., 2001) , potentially including, for example, "attending to scanner noise and incidental light" (Gilbert et al., 2007) . The effects of distraction during encoding might then be seen in the brain as increased activity in both auditory cortex and DMRs during failed encoding. It may be that both distractibility and reduced engagement of memory-related areas contribute to memory failures in older adults.
Here, we examined brain activity leading to successful and unsuccessful subsequent recognition of unfamiliar faces in younger and older adults using fMRI. Brain activity during the first presentations of faces was assessed, with these events categorized by the recognition response given at the second presentation. We hypothesized that during encoding of faces subsequently forgotten, relative to those later remembered, older adults would show less activity in MTL regions, and more activity in areas that process task-irrelevant stimuli and internal thoughts, such as auditory cortex and DMRs, respectively. We further expected that the effects of distraction in the brain during encoding would be seen only in older adults, consistent with age-related differences in ability to suppress irrelevant information during working memory tasks (Gazzaley et al., 2005) .
Materials and Methods
Participants. Participants were 24 healthy adults, 12 younger (mean age Ϯ SD ϭ 26.4 Ϯ 3.8 years, range ϭ 22-36; 5 female) and 12 older (mean age Ϯ SD ϭ 70.2 Ϯ 4.1 years; range ϭ 64 -78, 8 female). None of the participants had any history of psychiatric, neurological, or other medical illness, or history of drug or alcohol abuse, which might compromise cognitive function. All participants were right handed and scored in the normal range on the Mini Mental Status Exam (Ͼ26) (Folstein et al., 1975 Experimental design. Participants were scanned using fMRI while viewing grayscale images of unfamiliar faces in a continuous recognition paradigm. Stimuli consisted of grayscale images of unfamiliar faces presented on a black background . For all "face-trials," a face was presented in the center of the field of view for 1 s, followed by a 3 s fixation cross. For all "null-trials," a fixation cross was presented for 4 s. Stimuli were presented via MRI compatible goggles (Silent Vision SV-4021; Avotec) mounted on a head coil above the participants' eyes. Participants made responses using MRI compatible response boxes (Rowland USB Response Box).
A mixed block/event-related design was used, with 3 different blocktypes: fixation (FIX), memory task (MEM), and control task (CON). Each block began with a one word instruction cue for the block (4 s) followed by a fixation-cross (4 s). Within each task block (i.e., MEM and CON), face trials and null trials were presented in a standard stochastic event-related distribution. The experiment consisted of six functional runs (duration ϭ 520 s), each with 1 FIX-block, 1 CON-block, and 2 MEM-blocks, presented in random order. The current analyses used only the MEM-blocks, during which participants performed a continuous face-recognition task. For these blocks, 180 face stimuli were used, 120 of which were randomly selected and presented a second time, after which 60 of these were randomly selected for a third presentation (repeated items were not used for the current analysis). All faces were presented in random order.
For each face, participants made a recognition judgment, indicating whether or not they had seen the face previously in the experiment (new or old), and their level of confidence (high or low) in their decision. This was indicated with a single four-alternative forced-choice response (high-confident new, low-confident new, low-confident old, or highconfident old); using the left middle finger, left index finger, right index finger, and right middle finger, respectively, for all participants. First presentations of faces (n ϭ 120, 60 female) were classified as encoding trials, and categorized into three different trial-types based on the recognition response to the second presentation of each face: (1) faces subsequently forgotten (misses), collapsed across high and low confidence to obtain sufficient numbers of trials; (2) faces subsequently remembered with high confidence (HC-hits); and (3) faces subsequently remembered with low confidence (LC-hits).
fMRI data acquisition and analysis. Participants were scanned using a whole-body 3.0 T MR scanner (Signa 3T hardware, VH3M4 software; GE Healthcare) with a standard quadrature birdcage head coil. Functional scans were obtained by using a single-shot T2*-weighted pulse sequence (TR ϭ 2000 ms, TE ϭ 40 ms, flip angle 70°, FOV ϭ 20 cm, 64 ϫ 64 acquisition matrix) with spiral in/out acquisition, and consisting of 26 contiguous, 5-mm-thick axial slices. In addition, we obtained a T-1 weighted structural MRI using a standard 3D fast-spoiled gradient-echo pulse sequence (TR ϭ 7.0 ms, TE ϭ 3.1 ms, inversion recovery preparation time ϭ 300 ms, flip angle 15°, 22 ϫ 16.5 field of view, 256 ϫ 192 acquisition matrix, 124 axial slices, 1.4 mm thick).
The fMRI data were processed using Analysis of Functional Neuroimages (AFNI) (Cox and Hyde, 1997) and SPM99 (Friston et al., 1995) . In AFNI, time series data were spatially coregistered to correct for head motion using a 3D Fourier transform interpolation, using a functional volume that minimized the amount of motion to Ͻ2 mm. Then, slicetiming correction was performed. Linear detrending of the data was implemented for each run separately. Last, each participant's images were spatially normalized to Montreal Neurological Institute (MNI) space and smoothed with an 8 mm Gaussian filter using SPM99. The resulting voxel size was 4 ϫ 4 ϫ 4 mm.
Spatiotemporal Partial Least Squares (PLS), a multivariate analysis tool (McIntosh et al., 2004) , was used to analyze the fMRI data. PLS operates on the covariance between brain voxels [blood-oxygen-level dependent (BOLD) signal] and the experimental design to identify a new set of variables (so-called latent variables or LVs) that optimally relate the two sets of measurements. Each LV contains a spatial activity pattern depicting the brain regions that, as a whole, show the strongest relation to (i.e., are covariant with) the task contrast(s) identified by the LV, in this case, failed versus successful encoding events. The analysis included 8 poststimulus TRs (16 s) for each event and activity at each time point was normalized to activity in the first TR of the trial. PLS, as applied to event-related data, results in a set of brain regions that are reliably related to the task contrasts for each TR on each LV (McIntosh et al., 2004) . Each brain voxel has a weight, known as a salience, which is proportional to the covariance of activity with the task contrast at each time point on each LV. Multiplying the BOLD signal value in each brain voxel for each subject by the salience for that voxel, and summing across all voxels, gives a "brain" score for each subject at each TR on a given LV. The significance for each LV as a whole was determined by using a permutation test (McIntosh et al., 1996) . Additionally, the reliability of the saliences for the brain voxels characterizing each pattern identified by the LVs was determined via a bootstrap estimation of the SEs (Efron and Tibshirani, 1986) . Peak voxels with a salience/SE ratio Ͼ3.0 were considered to be reliable (Sampson et al., 1989) . Clusters containing at least 10 reliable voxels were extracted, and a local maximum for each cluster was defined as the voxel with a salience/SE ratio higher than any other voxel in a 2 cm cube centered on that voxel. Coordinates of these locations are reported in MNI space.
To contrast brain activity associated with unsuccessful versus successful encoding in the two groups, PLS was performed on events for the three trial-types described above (misses, LC-hits, HC-hits) for both groups simultaneously. This analysis revealed a single significant LV ( p ϭ 0.03) that identified a pattern of brain activity that differentiated subsequent misses from both HC-hits and LC-hits in older adults, but did not reliably differentiate any of the conditions in the younger adults. Hence, for assessing activity in specified voxels [i.e., region of interest (ROI) analyses], trials for subsequently remembered faces were collapsed across confidence (i.e., hits, collapsed across low and high confidence). We then extracted the peak signal change from these regions and compared these values between successful and unsuccessful encoding and between young and older adults using ANOVA. To identify functionally connected networks of brain regions associated with failed and successful encoding, "seed" PLS (McIntosh, 1999; Grady et al., 2003) was used. Seed PLS correlates activity in a ROI, identified in the original task PLS, with activity in all other brain voxels to assess the functional connectivity of this region.
Results
Older and younger adults showed no difference in the number of faces correctly recognized (i.e., LC-hits and HC-hits). However, older adults forgot more faces than younger adults (i.e., "misses"; t (20) ϭ 2.8, p ϭ 0.02) ( Table 1) . (For recognition responses to first presentations of faces, see supplemental Table 1 , available at www.jneurosci.org as supplemental material). Based on the pattern of activity identified by PLS (LV: p ϭ 0.03) that reliably differentiated encoding of subsequently forgotten faces (misses) from subsequently remembered faces (both LC-hits and HC-hits) in the older adults, but not in younger adults, we examined activity in regions showing this pattern. Consistent with previous findings (Morcom et al., 2003) , ROI analysis showed that successful encoding (LC-hits and HC-hits) was associated with increased activity in several regions in older adults, notably the hippocampus (Fig. 1a) . Although the overall pattern of activity characterizing hits and misses was not reliable in the young group, activity in the hippocampus showed a similar increase in younger adults. This was confirmed by a 2 (group: old vs young) ϫ 2 (trial-type: forgotten vs remembered) ANOVA that showed a significant main effect of trial-type (forgotten vs remembered faces) in the hippocampus (F (1,20) ϭ 7.1, p ϭ 0.015), but no significant difference between the two age groups (group ϫ trial-type interaction: F Ͻ1).
However, consistent with the importance of age-related distraction, unsuccessful encoding only in the older adults was accompanied by increased activity in auditory cortex (Fig. 1b) , as well as in left dorsolateral prefrontal cortex (PFC), right insula, and the right fusiform gyrus (Table  2 ). In contrast, young adults showed no difference in activity in these regions across face encoding trial-types (nor were there any regions with greater subsequent forgetting activity in younger adults relative to older adults). The age-related difference in activity of auditory cortex was confirmed via ANOVA as described above. There was a significant group by trial-type interaction for peak activity in both left auditory cortex (F (1,20) ϭ 5.3, p ϭ 0.03) and right auditory cortex (F (1,20) ϭ 6.2, p ϭ 0.02).
Given that older adults had more misses than younger adults, one could question whether the pattern of activity characterizing unsuccessful encoding in the older group was due to this behavioral difference. To address this question, we divided the younger group into two subgroups (low-performing and highperforming young adults) based on a median split of the number of misses to see if the low-performing subgroup would show the same pattern of brain activity, differentiating faces later forgotten versus those later remembered, seen in the older adults. This was not the case. Post hoc comparisons of means (Tukey's honestly significant difference) indicated that high-performing younger adults had significantly fewer misses than the older adults and marginally fewer misses than low-performing young adults ( p ϭ 0.002 and p ϭ 0.057, respectively), whereas low-performing young adults and older adults did not differ ( p ϭ 0.444) (Table  1) . However, there were no regions where low-performing young adults had greater activity than high-performing young adults. Instead, the high-performing subgroup showed greater activity in bilateral extrastriate and MTL regions when viewing faces subsequently remembered (supplemental Fig. 1 , available at www.j- with increased activity in older adults for faces subsequently remembered. Mean signal change versus baseline differs across conditions for both groups (see Table 2 for coordinates of regions). b, Area of left auditory cortex (circled) with greater activity in older adults for faces subsequently forgotten. Mean signal change versus baseline differs across conditions only in older adults. Highlighted brain areas are shown on axial images from the average structural MRI of all 22 participants. Coordinate ( Z) for each image is in MNI space. Error bars represent SE.
neurosci.org as supplemental material). Thus, younger adults who forgot more faces did not show increased activity in auditory cortex when encoding these forgotten faces, suggesting that this pattern in older adults reflects susceptibility to distraction rather than a higher proportion of forgotten faces per se. We then examined the functional connectivity of the auditory areas showing an age effect using a seed PLS, which correlated activity in each of the auditory regions with activity in all other brain voxels, and then examined how these correlation patterns differed across conditions and age groups. This analysis revealed a significant pattern of functional connectivity ( p ϭ 0.002) that was reliable for both auditory cortices (based on a 95% confidence interval) only in older adults and only during encoding of faces later forgotten (r ϭ 0.80 and r ϭ 0.50 for the right and left auditory regions, respectively; r values represent the correlation between activity in each seed region and the whole brain pattern of correlations identified by the seed PLS). Activity in the auditory regions was positively correlated with activity in bilateral PFC and temporal lobes, as well as bilateral inferior parietal regions. Importantly, the auditory cortices were functionally connected to medial parietal areas, including posterior cingulate and precuneus, previously identified as DMRs (Raichle et al., 2007) (Fig. 2a) , in addition to a left PFC region, very similar to that seen in the task analysis (Fig. 2b) .
Discussion
These analyses were designed to investigate the neural mechanisms underlying failed memory encoding in older adults and to determine if brain activity reflects the inability of older adults to suppress distraction from task-irrelevant stimuli (Healey et al., 2008) . We used PLS analysis of fMRI data to identify those brain regions where activity differentiated failed versus successful encoding in older and younger adults. We then used seed PLS to examine the functional connectivity of auditory regions that showed increased activity during unsuccessful, relative to successful, encoding only in older adults.
The results of our task PLS analysis revealed reduced engagement of brain regions important for memory encoding (e.g., left hippocampus) during unsuccessful encoding in both younger and older adults, providing further support for the idea that MTL activity during encoding is predictive of successful memory in both young (Brewer et al., 1998) and old adults (Morcom et al., 2003) . Critically, we observed additional regions showing increased activity associated with failed encoding in the older adults only, including left PFC and other regions that may reflect the processing of task-irrelevant but distracting sensory input (e.g., auditory regions) during encoding of faces subsequently forgotten. Further, the results of our seed PLS revealed that these regions were functionally connected to DMRs, which may reflect an inability to suppress environmental monitoring during the memory task. This finding is consistent with previous research indicating that older adults, and low-performing older adults in particular, failed to deactivate aspects of the default network (medial parietal regions) to the same extent as younger adults during encoding (Miller et al., 2008) . Thus, both the increased activity in auditory regions during unsuccessful encoding and the functional connectivity of these regions are consistent with previous research showing that older adults have difficulty suppressing irrelevant auditory information (Fabiani et al., 2006) and irrelevant default mode processing (Lustig et al., 2003; Grady et al., 2006; Miller et al., 2008) .
One interpretation of the coupling of activity in PFC with activity in auditory areas during failed encoding is that increased PFC activity reflects increased inhibitory input from this region (Jonides et al., 2000) in an attempt to counteract the distraction of irrelevant auditory input. Conversely, it is possible that this pattern of connectivity reflects the misallocation of attention to the distracting auditory input leading to failed encoding attempts. If the former were true, one might expect increased activity in this PFC region during successful encoding trials when interference is overcome or inhibited, relative to failed encoding trials. However we observed the opposite, i.e., increased activation for failed encoding attempts, supporting the latter hypothesis. These hypotheses cannot be conclusively resolved in the current data, but suggest directions for future investigation. The pattern of increased activity associated with subsequently forgotten faces in older adults is probably not simply due to the fact that they fail to recognize more faces than do the young adults. Support for this idea was found in the contrast of young adults with fewer misses to those with a greater number of misses (levels that were comparable with older adults). This analysis showed that low-performing younger adults did not have the same pattern of brain activity for forgotten faces seen in the older adults, suggesting that the effect of distraction is age-related and not performance related.
In conclusion, our results provide new insight into the nature of age-related memory decline, suggesting that at least two distinct neurocognitive mechanisms play a role in encoding failures in older adults: (1) a general failure to engage brain regions crucial to encoding new information, such as MTL structures, can contribute to failed encoding regardless of age. (2) Older, but not younger, adults are vulnerable to distraction due to an inability to suppress processing of irrelevant environmental stimuli. This distraction is reflected in age differences in those brain areas that process the irrelevant stimuli, such as auditory stimuli during a visual task (i.e., auditory cortices), as well as in DMRs (e.g., medial parietal cortex) that may be involved in environmental monitoring. In addition, our results support previous research showing that while both younger and older adults' performance was decreased on a long-term recognition task following encoding inside, relative to outside, the fMRI scanner, the deleterious effects of fMRI on performance were greater for older adults (Gutchess and Park, 2006) . This raises the possibility that the distracting properties of fMRI scanning per se may be disproportionately detrimental to older adults, relative to younger adults, a potential confound that may have implications for fMRI investigations of neurocognitive aging.
